Background: There are accumulating studies investigating the association between vitamin D status and the risk of atrial fibrillation (AF). However, the results in these studies were inconsistent in regard to the role of vitamin D deficiency in predicting the development of AF. Hypothesis: Vitamin D deficiency is associated increased risk of AF. Methods: Using PubMed and Embase databases, we searched for records published before March 2016. Additionally, a manual search was conducted using all review articles on this topic. Of the 587 initially identified records, 8 studies with a total of 27 307 patients were finally analyzed. Results: In the categorical variable analysis, vitamin D deficiency was associated with the occurrence of AF (odds ratio: 1.31, 95% confidence interval: 1.06-1.62, P = 0.01). In the continuous variable analysis, higher vitamin D levels appear to protect against the development of AF (odds ratio: 0.92, 95% confidence interval: 0.87-0.97, P = 0.002). However, the association is weak on the pooled analysis of prospective cohort studies focused on new-onset AF (P = 0.07 and 0.04), whereas the pooled analysis of case-control studies mainly assessing for chronic AF strongly support such an association (both P < 0.0001). Conclusions: Vitamin D deficiency modestly increases the risk of AF. Further studies are needed to determine the if there is a direct causal relationship between vitamin D levels and AF and whether vitamin D supplements will prevent new-onset AF.
Introduction
Atrial fibrillation (AF) is the most common sustained cardiac arrhythmia encountered in clinical practice and is associated with increased risk of morbidity and mortality in the population. Although the current worldwide prevention and treatment of AF and its associated complications are still inadequate, historical trends showed increasing AF incidence. 1, 2 In 2010, the estimated number of subjects with AF globally had reached 33.5 million (20.9 million males and 12.6 million females). 2 Although vitamin D is a fundamental micronutrient for individuals, vitamin D deficiency is common in many countries of the Northern Hemisphere. 3 Low vitamin D status had been demonstrated to be associated with increased risk of developing diabetes mellitus, 4 hypertension, 5 congestive heart failure, 6 and myocardial This work was supported by grants (81270245 and 81570298 to T.L.) from the National Natural Science Foundation of China. The authors have no other funding, financial relationships, or conflicts of interest to disclose. Additional Supporting Information may be found in the online version of this article. infarction, 7, 8 which in turn are risk factors for developing AF. In addition, it has been reported that both the occurrence of AF and vitamin D deficiency show a seasonal variation, with the highest incidence in winter and the lowest in summer. 9, 10 Collectively, these findings indicate a possible association between vitamin D deficiency and AF. However, there are inconsistent results on the association between vitamin D deficiency and AF. 11 Therefore, we aimed to perform a comprehensive meta-analysis to determine the potential relationship between vitamin D status and risk of AF.
Methods
Meta-analyses of observational studies present particular challenges because of inherent biases and differences in study designs. Consequently, we performed this analysis according to the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) statement.
12

Inclusion Criteria
We included observational studies with a primary objective to analyze the association between vitamin D status and the risk of AF. Titles and abstracts of all articles were evaluated and rejected after initial screening according to the following inclusion criteria: (1) human subjects; (2) the study design was a prospective cohort study, retrospective cohort study, or case-control study; (3) assessed vitamin D levels at baseline; (4) clearly defined endpoint events of the patients; and (5) the odds ratio (OR) or hazard ratio (HR) and the corresponding 95% confidence interval (CI) for vitamin D levels were reported. Meanwhile, we excluded the studies that only reported unadjusted OR/HR. We included published and unpublished studies without language restriction.
Search Strategy
Two investigators (Z.Z. and Y.Y.) performed a systematic literature search through the online databases of PubMed and Embase to identify relevant studies published before March 2016. We used the following keywords: ''vitamin D,'' ''25(OH)D,'' ''atrial flutter,'' ''atrial tachycardia,'' and ''atrial fibrillation.'' Additionally, a manual search was conducted using all review articles on this topic. Titles and abstracts as well as the reference lists of all the retrieved studies were manually checked independently by 2 investigators (Z.Z. and Y.Y.) to include potentially relevant records.
Study Selection
Two investigators (Z.Z. and Y.Y.) independently reviewed the titles and abstracts of the studies from the online databases to identify all potential eligible studies. All potentially relevant records were retrieved as complete manuscripts and assessed for compliance with the inclusion criteria. Any disagreements or uncertainties between the 2 investigators were resolved through consensus after rechecking the source data and consultation with a third investigator (T.L.).
Data Extraction
Two investigators (Z.Z. and Y.Y.) independently performed data extraction using a standard data-extraction form to determine eligibility for inclusion and to extract data. In the individual primary studies, the results were reported with different variable types (categorical or continuous), so we extracted and analyzed all the multivariate adjusted ORs/HRs and the corresponding 95% CIs in 2 ways (categorical or continuous) to evaluate the association between vitamin D status and AF. In addition, the adjusted ORs/HRs selected for the analysis were those adjusting for the main potential confounders in the multivariate analysis. The extracted data elements of this study included first author's last name, publication year, origin of the studied population, study design, sample size, participants' age and sex, methods of measuring vitamin D levels, season in which the study was conducted, follow-up duration, medications, mean vitamin D levels, adjusted variables, and endpoint events.
Quality Assessment
To limit the heterogeneity secondary to differences among study designs, the quality of each study was evaluated according to the guidelines developed by the US Preventive Services Task Force 13 and the Evidence-Based Medicine Working Group. 14 A scoring system was applied according to the quality of the study. The following key points were assessed: (1) clear description of inclusion and exclusion criteria; (2) study sample representative for the mentioned population; (3) clear description of sample selection; (4) full specification of clinical and demographic variables; (5) sufficient duration of follow-up; (6) reporting the loss of follow-up; (7) clear definition of vitamin D deficiency; (8) clear definition of outcomes and outcome assessment; (9) temporality (assessment of vitamin D levels in winter or spring season); and (10) adjustment of possible confounders on the multivariate analysis. If a study did not clearly define one of these key points, we considered that it had not been performed. Consequently, the reported characteristics might have been underestimated.
Statistical Analysis
Pooled-effect sizes were presented as ORs with 95% CIs. The HR value using multivariate Cox proportional hazards model in each primary study was directly considered as OR. As the studies included in the meta-analysis used vitamin D levels as either a categorical or continuous variable, we performed a separate meta-analysis for both types of variable to evaluate the association between vitamin D status and the occurrence of AF. To evaluate the heterogeneity across studies, we used I 2 derived from the χ 2 test, which describes the percentage of the variability in effect estimates resulting from heterogeneity, rather than sampling error. An I 2 > 50% 538 Clin. Cardiol. 39, 9, 537-543 (2016) 366 (12) 331 (11) 296 ( indicates at least moderate statistical heterogeneity. 15 When pooled analysis resulted in significant heterogeneity, the random-effects model was used. We conducted fixed-effects meta-analysis using the inverse variance method for pooling effect sizes, and random-effects meta-analysis using the inverse variance heterogeneity method. The sensitivity analysis was also done in a random predefined manner. We also performed separate subgroup analyses based on the different study designs. Publication bias was evaluated using the funnel plot. Statistical significance was defined as a 2-tailed P value of 0.05. All statistical analyses were performed using Review Manager (RevMan) version 5.3 (The Nordic Cochrane Centre, The Cochrane Collaboration, Copenhagen, Denmark).
Results
A flow diagram of the data search and study selection is presented in Figure 1 . A total of 587 records were initially identified by our literature search strategy. After careful assessment of the retrieved studies, 8 studies were finally included in the present meta-analysis. These remaining 8 studies 16 -23 included a total of 27 307 subjects with 3571 patients who had incident AF, all using multivariate analysis with adjustment of possible confounders. The characteristics and quality scores of each study are listed in Table 1 , and the patient characteristics of each study are listed in Table 2 . For the reference of vitamin D deficiency and the magnitude of vitamin D change that the OR refers to, see Supporting Information, Table 1 , in the online version of this article. Furthermore, confounding factors used in multivariate analyses in the included studies are provided in Supporting Information, Table 2 , in the online version of this article.
Of the 8 included studies, 4 case-control studies 17 -19,23 that mainly assessed for chronic AF and were performed during winter or spring suggested that vitamin D deficiency is associated with the development of AF, whereas the remaining 4 cohort studies 16, 20 -22 focused on new-onset AF, were conducted without seasonal restriction, and showed no significant association between vitamin D status and risk of AF after multivariate analysis. Five studies 16, 17, 19, 20, 22 with OR/HR values were obtained in which vitamin D levels were analyzed as a categorical variable; 8 studies 16 -23 in which vitamin D levels were analyzed as a continuous variable had been included in a separate analysis. Of the 8 included studies, 5 of them 16, 17, 19, 20, 22 analyzed vitamin D levels as both a categorical variable and continuous variable. Intriguingly, 1 study showed inconsistent results between categorical variable and continuous variable analyses, 19 and 1 study reported 2 separate results. 21 Overall, the pooled analysis of the categorical variable suggested that vitamin D deficiency is modestly associated with the occurrence of AF. There is a statistically significant 31% increase in the risk of AF (OR: 1.31, 95% CI: 1.06-1.62, P = 0.01; Figure 2 ) with significant heterogeneity among the studies (P = 0.04, I 2 = 60%). This association remains on a pooled analysis of case-control studies (OR: 1.83, 95% CI: 1.35-2.48, P < 0.0001; heterogeneity: P = 0.61, I 2 = 0%). studies (OR: 1.11, 95% CI: 0.99-1.25, P = 0.07; heterogeneity: P = 0.87, I 2 = 0%). In addition, the pooled analysis of the continuous variable also suggested that higher vitamin D levels were associated with reduced risk of AF (OR: 0.92, 95% CI: 0.87-0.97, P = 0.002; Figure 3 ) with significant heterogeneity among the studies (P = 0.006, I 2 = 63%). However, the association is weak in the pooled analysis of cohort studies (OR: 0.96, P = 0.04), whereas the pooled analysis of case-control studies strongly support this association (OR: 0.85, P < 0.0001).
There was significant heterogeneity when the different study designs were pooled together (P = 0.003, I 2 = 88.9%, Figure 2 ; and P = 0.003, I 2 = 88.5%, Figure 3) . Finally, the results of the funnel plot showed that publication bias may be present, although the small number of studies made this somewhat difficult to interpret (see Supporting Information, Figure 1 , in the online version of this article).
Discussion
The present meta-analysis suggests that vitamin D deficiency is a moderate predictor of AF in both categoricaland continuous-variable analysis. The different study designs appear to have been the potential reason behind the significant heterogeneity in our meta-analysis, as the cohort studies focused on new-onset AF and the case-control studies mainly assessed for chronic AF. Also, the measurements of vitamin D levels were performed after the diagnosis of AF in the case-control studies. Therefore, it is possible that behavioral changes such as reduction in outdoor activities may have had an impact on the vitamin D levels in these patients.
Several pathophysiological mechanisms have been proposed for the association between vitamin D deficiency and AF. One of the most important mechanisms is the activation of the renin-angiotensin-aldosterone system (RAAS), as it is responsible for both structural and electrical remodeling of the atrium. The antiarrhythmic properties of RAAS inhibition have been well reported, as it decreases the risk of AF. 24 In particular, inhibition of the RAAS by vitamin D and an inverse correlation of serum 25(OH)D with angiotensin II levels have been observed previously. 25 Therefore, vitamin D deficiency can be harmful secondary to its negative regulatory property of the RAAS. 26 Our previous studies have demonstrated that the inflammatory state manifested by elevated C-reactive protein levels was associated with an increased risk of AF. 27, 28 Low vitamin D status leads to an increase in the synthesis of C-reactive protein through direct and indirect mechanisms. 29, 30 The increased oxidative stress in AF plays a major role in the pathogenesis and perpetuation of AF. Vitamin D has antioxidant properties that protect against oxidative stress in the atrium. 31 More recently, Canpolat et al 32 demonstrated that Pwave dispersion and atrial electromechanical delay, which are associated with increased risk for the development of AF, 33, 34 were significantly prolonged in patients with vitamin D deficiency compared with controls (P < 0.001). Meanwhile, we have previously hypothesized that prolonged P-wave dispersion and atrial electromechanical delay may be due to electrical and structural remodeling of the atrium secondary to inflammation and oxidative stress. 35 Therefore, the inflammatory process and oxidative stress appear to be the link between vitamin D deficiency and the development of AF. By modulating the immune response, and thus, inflammatory pathways, vitamin D may exert additional effects on AF pathogenesis. Finally, Hanafy et al 36 found that 1,25[OH]2D increased the action potential duration and contractility in the left atrium of heart failure rabbits, suggested the direct electromechanical effects of vitamin D for enabling prevention or termination of AF.
Atrial fibrillation has been known to have multiple risk factors that contribute to its development. The most important risk factors include age, sex, hypertension, obesity, alcohol, and smoking. In the present meta-analysis, the HRs or ORs combined in our study were adjusted for confounding risk factors such as age, sex, comorbidities, medications, and ejection fraction. However, further studies are needed to determine whether there is a direct association between vitamin D levels and AF.
Study Limitations
The present meta-analysis has limitations that should be considered. First, our analysis is based only on observational studies, which may reduce the reliability of the results due to the limitations of such studies. Second, as vitamin D levels were analyzed as either a categorical or continuous variable in the individual studies, we could not pool all of the studies together. However, the final results corroborate each other. Third, the cohort studies did not clearly report the number of participants using vitamin D supplements or the number of patients with coronary heart disease; these may indicate latent bias in this meta-analysis. Fourth, substantial heterogeneity was found among the included studies in both categorical-and continuous-variable analyses. Fifth, the European Society for Clinical and Economic Aspects of Osteoporosis and Osteoarthritis (ESCEO) defined 25(OH)D levels <10 ng/mL as vitamin D deficiency 37 ; however, most of the studies included in this meta-analysis defined vitamin D deficiency as a 25(OH)D level of <20 ng/mL. The effects of ''real'' vitamin D deficiency on the risk of AF need to be further investigated.
Conclusion
This meta-analysis suggested a positive association between vitamin D deficiency and the risk of AF, although there was a significant heterogeneity secondary to the different study designs. Further studies are needed to determine whether there is a direct causal relationship between vitamin D deficiency and AF, as well as whether vitamin D supplementation will prevent new-onset AF.
